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ABSTRACT
We analyse simulations of turbulent, magnetised molecular cloud cores focussing on
the formation of Class 0 stage protostellar discs and the physical conditions in their
surroundings. We show that for a wide range of initial conditions Keplerian discs are
formed in the Class 0 stage already. In particular, we show that even subsonic tur-
bulent motions reduce the magnetic braking efficiency sufficiently in order to allow
rotationally supported discs to form. We therefore suggest that already during the
Class 0 stage the fraction of Keplerian discs is significantly higher than 50%, consis-
tent with recent observational trends but significantly higher than predictions based
on simulations with misaligned magnetic fields, demonstrating the importance of tur-
bulent motions for the formation of Keplerian discs. We show that the accretion of
mass and angular momentum in the surroundings of protostellar discs occurs in a
highly anisotropic manner, by means of a few narrow accretion channels. The mag-
netic field structure in the vicinity of the discs is highly disordered, revealing field
reversals up to distances of 1000 AU. These findings demonstrate that as soon as even
mild turbulent motions are included, the classical disc formation scenario of a coher-
ently rotating environment and a well-ordered magnetic field breaks down. Hence, it is
highly questionable to assess the magnetic braking efficiency based on non-turbulent
collapse simulation. We strongly suggest that, in addition to the global magnetic field
properties, the small-scale accretion flow and detailed magnetic field structure have
to be considered in order to assess the likelihood of Keplerian discs to be present.
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1 INTRODUCTION
The impact of magnetic fields on the formation of protostel-
lar discs in the Class 0 phase has received great attention in
the last decade (see e.g. Li et al. 2014a, for a recent review).
In previous works a highly idealised numerical setup usually
consisting of a rotating core and a magnetic field parallel
to the rotation axis was often used (e.g. Allen et al. 2003;
Matsumoto & Tomisaka 2004; Machida et al. 2005; Baner-
jee & Pudritz 2006, 2007; Price & Bate 2007; Hennebelle &
Fromang 2008; Hennebelle & Ciardi 2009; Duffin & Pudritz
2009; Commerc¸on et al. 2010; Bu¨rzle et al. 2011; Seifried
et al. 2011). A common result of these simulations is that
? seifried@ph1.uni-koeln.de
for a magnetic field strength comparable to observations,
i.e. a mass-to-flux ratio smaller than 5 – 10 (e.g. Falgarone
et al. 2008; Girart et al. 2009; Beuther et al. 2010), no rota-
tionally supported discs were formed. This rather artificial
result owing to the idealised initial conditions (see below)
was called the ”magnetic braking catastrophe” owing to the
fact that magnetic braking is responsible for the removal of
the angular momentum which would be necessary to form
the discs.
These numerical findings, however, seem to contradict
the results of a growing number of high-resolution obser-
vations which strongly indicate the existence of Keplerian
discs around Class 0 protostellar objects (Tobin et al. 2012;
Hara et al. 2013; Murillo et al. 2013; Sa´nchez-Monge et al.
2013; Codella et al. 2014). By observations of line transition
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emission the authors could show that the velocity profile
around the observed Class 0 stage objects agrees with that
of a Keplerian disc up to radii of ∼ 100 AU. Also previous
observations based on SED modelling suggest the presence
of well-defined, rotationally supported discs (Jørgensen et al.
2009; Enoch et al. 2011). In summary, recent observations
strongly indicate the presence of Keplerian discs in contrast
to the simulations mentioned in the beginning.
One approach to overcome the apparent conflict be-
tween observational and simulation results was the inclusion
of non-ideal MHD effects. Ambipolar diffusion (e.g. Mellon
& Li 2009; Duffin & Pudritz 2009), however, does not result
in the formation of Keplerian discs in the earliest phase of
protostellar evolution. Furthermore, including Ohmic dissi-
pation seems to allow only for very small (∼ 10 solar radii)
rotationally supported structures (e.g. Krasnopolsky et al.
2010; Dapp et al. 2012), and even the combined effects of
ambipolar diffusion and Ohmic dissipation was found not to
reduce the magnetic braking efficiency significantly (Li et al.
2011). However, in more recent work Machida et al. (2014)
find Keplerian discs to appear in the presence of Ohmic dis-
sipation, although the results appear to strongly depend on
the numerical settings. Hence, it seems that further work in
this field is required to clarify the impact of non-ideal MHD
effects.
On the other hand, Hennebelle & Ciardi (2009), Cia-
rdi & Hennebelle (2010) and Joos et al. (2012) performed
simulations deviating from the highly idealised setup of a
uniformly rotating core and a magnetic field parallel to the
rotation axis were performed. The authors could show that
for an overall magnetic field inclined to the core’s rotation
axis the formation of rotationally supported discs is possible.
However, based on a realistic distribution of magnetic field
strengths and misalignment angles, Krumholz et al. (2013)
pointed out that this would lead to a fraction of Keplerian
discs in the Class 0 stage of only 10 to at most 50%, and
thus noticeably below the observed fraction of discs around
Class I/II objects (e.g. Williams & Cieza 2011).
In a different approach, the inclusion of turbulent mo-
tions in the initial conditions and their effect on the for-
mation of rotationally supported discs was studied (Seifried
et al. 2012, 2013; Santos-Lima et al. 2012, 2013; Joos et al.
2013; Myers et al. 2013; Li et al. 2014b). The authors showed
that turbulence enables the formation of Keplerian discs for
a wide range of conditions even in the presence of strong
magnetic fields. Santos-Lima et al. (2012, 2013) attribute
the formation of rotationally supported discs to turbulent
reconnection occurring in the vicinity of the disc and an
associated loss of magnetic flux, which in turn reduces the
magnetic braking efficiency. In contrast, in Seifried et al.
(2012, 2013) we suggest that the build-up of Keplerian discs
is due to the turbulent motions and the disordered magnetic
field structure in the surroundings of the discs rather than
due to magnetic flux loss. The turbulent motions distort the
magnetic field and hamper the build-up of a toroidal mag-
netic field component responsible for angular momentum ex-
traction. Simultaneously they provide a sufficient amount of
angular momentum necessary for the formation of the disc.
In this work we analyse in detail the physical conditions
in the vicinity of protostellar discs which are responsible for
the Keplerian rotation structure. We are in particular inter-
ested in how accretion towards and onto the discs occurs and
how the magnetic field morphology is affected by the turbu-
lent motions. Moreover, we investigate whether in massive
molecular cloud cores already subsonic turbulent motions
are sufficient to allow the – as we call it – turbulence-induced
disc formation to set in. For low-mass cores we have already
demonstrated that subsonic turbulence is sufficient to allow
Keplerian to form Seifried et al. (2013). Furthermore, we
study if or to what extent the conditions in the surround-
ings of the protostellar discs are different in the presence or
absence of a global core rotation. A main outcome of this
work is that under realistic conditions, i.e. as soon as even
weak turbulent motions are included, the accretion in the
vicinity of protostellar discs is highly anisotropic and that
the magnetic field structure is highly disordered.
The paper is organised as follows. In Section 2 we briefly
describe the initial conditions of the simulations and sum-
marise the main results of our previous work (Seifried et al.
2012, 2013). The results concerning the accretion and mag-
netic field structure are presented in Section 3 focussing in
detail on two fiducial simulations. In Section 4 we extend
this analysis to a wider range of initial conditions and inves-
tigate under which conditions Keplerian discs are formed. In
Section 5 the results are discussed in a broader context and
are compared to related numerical and observational work
before we summarise our main findings in Section 6.
2 INITIAL CONDITIONS AND BASIC
RESULTS
The simulations presented here are performed with the as-
trophysical code FLASH (Fryxell et al. 2000) in version 2.
We make use of the sink particle routine (Federrath et al.
2010) to model the formation of protostars. The results of
the simulations were first presented in Seifried et al. (2012,
2013). We here only briefly describe the basic setup of the
simulations, for more details we refer the reader to the afore-
mentioned papers. In the simulations we consider the col-
lapse of turbulent, magnetised molecular cloud cores and
the subsequent formation and evolution of protostellar discs.
The cores have masses of 2.6 M and 100 M and a radius
of 0.0485 pc and 0.125 pc, respectively (see Table 1 for an
overview over the different models and their nomenclature).
The density profile of the low-mass core is that of Bonnor-
Ebert sphere, scaled up to contain the 2.6 M, whereas the
profile of the 100 M declines outwards with the radius as
ρ ∝ r−1.5. The temperature of the low-mass cores is set to
15 K, and that of the high-mass cores to a somewhat higher
value of 20 K (see e.g. Ragan et al. 2012; Launhardt et al.
2013). The cores are embedded in an ambient low-density
medium in pressure equilibrium with the edge of the cores.
The cores are threaded by a magnetic field parallel to
the z-axis with the strength chosen such that the (nor-
malised) mass-to-flux ratio µ of the cores is 2.6. We empha-
sise that throughout the paper the mass-to-flux ratio is given
in units of the critical mass-to-flux ratio µcrit = 0.13/
√
G
(Mouschovias & Spitzer 1976), where G is the gravitational
constant.
In all cores a Kolmogorov-type turbulent velocity field
is present with the 3D-turbulent rms Mach number (Mrms)
ranging from subsonic to supersonic values. The runs M100-
NoRot and M2-NoRot are identical to the simulations al-
c© 2013 RAS, MNRAS 000, 1–14
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Table 1. Initial conditions of the performed simulations showing
the mass and radius of the molecular cloud core, whether uni-
form rotation is present or not, the rms Mach number, and the
simulated evolutionary times of the protostellar discs.
Run mcore rcore rotation Mrms tsim
[M] [pc] [kyr]
M2-NoRot 2.6 0.0485 No 0.74 30
M100-NoRot 100 0.125 No 2.5 25
M100-NoRot-Mrms0.5 100 0.125 No 0.5 10
M100-NoRot-Mrms1 100 0.125 No 1.0 10
M100-NoRot-Mrms2.5 100 0.125 No 2.5 12.5
M2-Rot 2.6 0.0485 Yes 0.74 15
M100-Rot 100 0.125 Yes 2.5 20
ready considered in the previous papers but are followed
over an even longer timescale of 25 kyr (run M100-NoRot)
and 30 kyr (run M2-NoRot) after the formation of the first
protostar1. We point out that in neither of the two cases
there is a global rotation present in the beginning. For com-
parative purposes we also consider two runs with identical
initial conditions in which global rotation is superimposed
on the turbulence field (the runs M100-Rot and M2-Rot). In
these two runs, the rotation frequency is chosen such that
the rotation energy equals the turbulent kinetic energy, i.e.
Ω = 3.16 · 10−13 s−1 and 2.2 · 10−13 s−1 for run M100-Rot
and M2-Rot, respectively. For the case of a 100 M core
we have performed three further simulations with varying
turbulence strength in order to test the dependence of the
turbulence-induced disc formation mechanism proposed in
Seifried et al. (2012, 2013) on the actual strength of the tur-
bulence (runs M100-NoRot-Mrms0.5, M100-NoRot-Mrms1,
and M100-NoRot-Mrms2.5). For these three runs we have
used different initial turbulence seeds with Mrms of 0.5, 1,
and 2.5.
The cooling routine applied in our runs takes into ac-
count dust cooling, molecular line cooling and the effects of
optically thick gas Banerjee & Pudritz (2006). We introduce
sink particles above a density threshold of ρcrit = 1.14·10−10
g cm−3 using an accretion radius of 3.14 AU (see Federrath
et al. 2010, for details). Here we only point out that the
angular momentum carried by the gas will be transferred
to the spin of the sink particle. The magnetic field is left
unchanged during the accretion process in order to avoid
the violation of the divergence-free condition. The maximum
spatial resolution in our simulations is set to 1.2 AU. We ap-
ply a refinement criterion which guarantees that the Jeans
length is resolved everywhere with at least eight grid cells.
Next, we briefly recapitulate the main outcomes of the
runs M100-NoRot, M2-NoRot, M100-Rot, and M2-Rot al-
ready discussed in Seifried et al. (2012, 2013). We find that
Keplerian discs are formed in all four simulations indepen-
dently of the core mass, the strength of turbulence, or the
presence/absence of global rotation. The discs form within a
few kyr after the formation of the protostar, are 50 – 150 AU
in size, and have masses of 0.05 up to a few 0.1 M. We find
that in the initial phase of disc formation the mass-to-flux
1 We note that in the simulations we have neglected radiative
feedback of the protostars.
ratio stays well below a value of 10. From non-turbulent sim-
ulations this value was found to be the critical value for Kep-
lerian disc formation, below which no rotationally supported
discs were found (Allen et al. 2003; Matsumoto & Tomisaka
2004; Machida et al. 2005; Banerjee & Pudritz 2006, 2007;
Price & Bate 2007; Hennebelle & Fromang 2008; Hennebelle
& Ciardi 2009; Duffin & Pudritz 2009; Commerc¸on et al.
2010; Seifried et al. 2011). Hence, we conclude that flux-loss
alone cannot explain the formation of Keplerian discs in our
case. In Seifried et al. (2012, 2013) we argued that the for-
mation of rotationally supported discs at such early phases
is rather due to the disordered magnetic field structure and
due to shear flows created by the turbulent motions in the
surroundings of the discs, which carry significant amounts
of angular momentum. We concluded that these two effects
lower the classical magnetic braking efficiency compared to
a highly idealised rotating system with a magnetic field of
comparable strength but perfectly aligned with the rotation
axis.
In the following we analyse the complex and disordered
morphology of the magnetic field, the occurrence of shear
flows and the associated anisotropic accretion in a more
quantitative way than done in our previous work.
3 LONG-TERM EVOLUTION OF
PROTOSTELLAR DISCS
We first consider the runs M2-NoRot and M100-NoRot al-
ready discussed in Seifried et al. (2012, 2013). We let the
protostellar system evolve such that the simulations cover
a time of 30 kyr (run M2-NoRot) and 25 kyr (run M100-
NoRot) after the formation of the first protostar. The to-
tal protostellar masses are 0.62 and 15.65 M for run M2-
NoRot and M100-NoRot, respectively, i.e. 24% and 16% of
the initial core mass. We note that for run M2-NoRot only
one protostar has formed whereas for run M100-NoRot 8
protostars have formed with the most massive one (which is
also the first to have formed) having a mass of 9.26 M.
In both runs a first protostar forms in an overdense
condensation. We emphasise that at the very moment the
protostar forms no rotationally supported structure is recog-
nisable. Subsequently, due to ongoing accretion of angular
momentum the Keplerian discs builds up within a few kyr.
The disc remains Keplerian over the entire evolution, un-
less a violent accretion event disturbs the disc. In this case,
however, a rotationally supported structure quickly reestab-
lishes. At the end of both runs the protostellar discs show a
clear Keplerian rotation structure and only mild infall mo-
tions (see Fig. 5 in Seifried et al. 2013). In Fig. 1 we display
the situation at the end of both runs showing the magnetic
field structure and the accretion flow in the vicinity of the
protostellar disc. One can already recognise that the mag-
netic field structure is highly complex. The field lines are
strongly bent or even completely reversed in their direction.
Moreover, also the accretion flow morphology, displayed by
the coloured regions and vectors, reveals a highly anisotropic
structure. In the following we analyse both the magnetic
field structure and the accretion flow more quantitatively.
c© 2013 RAS, MNRAS 000, 1–14
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Figure 1. Structure of the accretion flow m˙ (vectors and coloured volume rendering, see Section 3.1.1 for details of the calculation)
and the magnetic field (black lines) around the protostellar disc (blue contour) at the end of run M2-NoRot (left) and run M100-NoRot
(right). The magnetic field structure is highly disordered and accretion occurs preferentially along a few narrow accretion channels. The
box is 1300 AU in size.
3.1 Low-mass core simulation
We first consider the results of the collapse of a low-mass
(2.6 M), non-rotating core (run M2-NoRot). We describe
in detail the calculations made to quantify the degree of dis-
order of the magnetic field and the anisotropy of the accre-
tion flow. We start by considering the accretion flow before
we analyse the magnetic field structure.
3.1.1 Accretion flow
Here we analyse the accretion flow towards/onto the proto-
stellar disc formed in run M2-NoRot. For this purpose in a
first step we determine the disc’s centre of mass and centre-
of-mass velocity. For the calculation of the disc properties
we only take into account gas with a density larger than
5 ·10−13 g cm−3. Next, we subtract the disc’s centre-of-mass
velocity from the gas velocity in order to obtain the overall
gas motions relative to the disc centre2. Finally, we take the
radial component of the (relative) gas motions, which we
multiply with the gas density in order to properly describe
the mass accretion flow towards (or away from) the disc.
Hence, the accretion flow is defined as
m˙ = ρ · vradial (1)
which is technically a mass accretion rate per area. This ac-
cretion flow is visualised in Fig. 1 revealing a quite complex
structure. For the accretion of the material angular momen-
tum l˙gas we multiply the mass accretion flow with the spe-
2 We note that over the entire time the disc’s centre of mass and
the sink position(s) agree within a few AU. Hence, we safely can
neglect the particles centre-of-mass velocity and only take the
disc’s centre of mass velocity when calculating the relative gas
motions.
cific angular momentum of the gas with respect to the disc’s
angular momentum Ldisc, i.e.
l˙gas = m˙ · (r × v) ·Ldisc/|Ldisc| . (2)
We study the accretion flow through spheres with radii
of 50, 250, 500, and 1000 AU around the centre of the disc.
We emphasise that all data shown in the following are av-
eraged over a spherical shell with a thickness of 10 AU. We
use a Hammer projection3 in order to present the accre-
tion/density structure at the surface of the sphere. Although
the Hammer projection is not conformal, it is area conserv-
ing which is of particular importance for calculating the ac-
cretion rates through certain regions which is done below.
In Fig. 2 we show the Hammer projection of the density as
well as of the mass and angular momentum accretion flow
for the distances of 50, 250, 500, and 1000 AU around the
protostellar disc at the end of run M2-NoRot, hence at the
same time as shown in Fig. 1. As can be seen, none of the
quantities reveals a well-ordered structure. In particular, the
mass accretion flow (second column) clearly shows a highly
anisotropic behaviour. A significant fraction of the accre-
tion seems to occur through a low number of small, distinct
areas with particularly high accretion rates well above the
average (green-blue regions). Furthermore, also the entire
region of accretion (separated by red lines from the regions
where gas flows away from the disc), reveals a highly com-
plex shape repeatedly intercepted by regions of outflowing
material (red regions). We emphasise that for the sphere at
50 AU (top row of Fig. 2) the effect of the protostellar disc
is clearly recognisable for the density, mass and angular mo-
3 A Hammer projection is a systematic transformation of loca-
tions on a sphere onto locations on a plane such that phenomena
per unit area are shown in correct proportion (equal-area map).
c© 2013 RAS, MNRAS 000, 1–14
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Figure 2. Left to right: Density, mass accretion flow, angular momentum accretion flow, and Hammer projection of the direction with
which the magnetic field pierces through the surface of the spheres with radii of 50 AU, 250 AU, 500 AU, and 1000 AU (top to bottom)
around the protostellar disc at the end of run M2-NoRot. Second and third column: The red lines separate regions of accretion from
regions of outflowing gas. Second column: The yellow-green-blue coloured regions represent mass flow towards the disc, red regions
mass flow away from the disc. Third column: Angular momentum flow towards the disc occurs in the orange-blue regions. The highly
anisotropic accretion structure is clearly recognisable in all panels. The regions enclosed by black lines are the calculated accretion
channels (see text). Fourth column: Black denotes an ingoing direction of the magnetic field, grey an outgoing direction.
mentum accretion flow4. On larger scales, a ring like struc-
ture appears (most prominent in the density plots) which
we attribute to the sheet formed due to the magnetic field-
guided collapse in the midplane of the core perpendicular to
the global field direction. Since the disc axis does not coin-
cide with the global field direction, the ring structure is not
located along the equator. We note that the anisotropic ac-
cretion flow connects smoothly to the results of Smith et al.
(2011) who also studied the accretion flow via Hammer pro-
jections although on a larger scales, i.e. from filaments onto
molecular cloud cores. The authors showed that also on these
scales accretion is far from spherically symmetric.
In order to further quantify the anisotropy of the accre-
tion flow, we first determine the total accretion rate M˙tot
through the entire sphere. We note that for the calculation
of M˙tot we neglect the (negative) contribution of outflow-
ing gas. Next, we define the integrated accretion rate M˙thres
4 We note that the sphere was rotated such that the disc’s mid-
plane coincides with the equator of the sphere.
as the accretion rate of all regions which have an accre-
tion rate per area larger than some threshold m˙thres
5. We
now adapt the threshold m˙thres such that integrated accre-
tion rate M˙thres accounts for 50% of the total accretion rate
M˙tot. Given this threshold m˙thres, we can now analyse this
area through which 50% of the total accretion occurs, i.e.
where m˙ is larger than m˙thres. For anisotropic accretion this
area is usually split up into several distinct regions (here-
after channels). Applying this analysis to run M2-NoRot,
we can see that this is indeed the case for our simulations
(second column of Fig. 2). As can be seen, a few different
channels enclosed by black lines are found, through which
50% of the total mass accretion occurs.
Next, we determine the number of distinct channels as
well as their integrated surface area Achannels, which we then
compare to the entire surface area of all regions with accre-
5 We note that we use a capital M˙ for the accretion rate inte-
grated over the surface with units of g s−1 and a small m˙ for the
accretion rate per area (g s−1 cm−2).
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tion, Aaccr. We first do this for the shell at 1000 AU (bottom
panel in the second column of Fig. 2). As already pointed
out, the red line separates the regions of accretion (yellow-
green-blue regions) from regions with outflowing gas. The
total accretion area Aaccr accounts for about 70% of the
surface of the sphere. There are two large separated regions
of accretion and three regions of outflowing material (obey
the periodicity with respect to the left and right edge of the
ellipsoid), which reveal a highly complex shape. This already
indicates that accretion is far from being isotropic. The black
lines enclose the channels which account for 50% of the total
accretion rate. As can be seen, there are 5 separate accretion
channels. The integrated area of the channels Achannels ac-
counts for only 8% of the total accretion area (which in turn
is 70% of the surface area). Hence, this demonstrates that in
the case considered accretion is indeed dominated by a few
narrow channels – a typical sign of anisotropic accretion.
We now extend this analysis to a large number of snap-
shots equally distributed over the entire time after the for-
mation of the first sink particle. The results for the different
spheres with radii of 50, 250, 500, and 1000 AU are given
in Table 2 where we list the time-averaged number of accre-
tion channels6 and the time-averaged ratio of the integrated
area of channels to the area of the entire accretion region,
Achannels/Aaccr. As can be seen, even in the case of a weak
(subsonic) initial turbulence field, the accretion flow in the
surroundings of the protostellar disc is highly anisotropic
during the entire evolution of the disc, occurring on average
through about 4 – 7 channels, which carry 50% of the en-
tire accreted mass. Although the mean number of channels
decreases somewhat with increasing radius, accretion is not
necessarily less chaotic/anisotropic. This is indicated by the
low ratio Achannels/Aaccr, which shows no clear trend with
distance from the disc centre. Moreover, despite the fact
that 50% of the total accretion occurs through these accre-
tion channels, on average they account for less than 15% of
the total area of accretion indicating very localised accretion
flows. To summarise, throughout the evolution of the proto-
stellar disc and up to distances of 1000 AU, accretion occurs
preferentially through a few narrow channels indicative of a
highly anisotropic accretion mode.
When applying this analysis to the angular momentum
accretion flow, we find qualitatively and quantitatively very
similar results (see column four and five in Table 2). The
bulk of angular momentum is again accreted through a few
channels with a total cross section comparable to the one of
the mass accretion channels. As can also be seen in Fig. 2,
there is in general a good spatial agreement between the
mass and angular momentum accretion channels. A detailed
calculation shows that on average about 50% – 70% of the
area of the angular momentum accretion channels overlap
with that of the mass accretion channels (second last column
of Table 2).
In Fig. 3 we show the time evolution of the number of
mass and angular accretion channels for the four different
radii considered before. We note that in order to improve
the readability of the plots we averaged the number over
6 Due to the time-averaging we also show the first decimal place
for this value, despite the fact that the number of channels are
integer values.
Figure 4. Sketch of a magnetic field with two field reversals.
Four distinct regions with different field directions at the sphere’s
surface are present. In the right panel the corresponding Hammer
projection is shown. Grey denotes an outgoing direction of the
field, black an ingoing direction.
a few dozen timestep, which is why non-integer values are
present. As can be seen, the number of channels is subject to
large variations in time, which we, however, rather attribute
to the method for finding the channels than to real changes
of the accretion structure: For two consecutive timesteps an
area of high accretion could be described by a single channel
or two channels depending on the actual value of the cutoff
threshold. However, in general it can be seen that there is
no systematic trend for the number of angular momentum
accretion channels as well as that of the mass accretion chan-
nels at radii smaller than 500 AU. For a radius of 1000 AU,
however, there is a slight increase over time recognisable in
the number of mass accretion channels. This is caused by
the ring like structure seen in Fig. 2, i.e. the thin sheet in
the midplane of the core, breaking up into smaller parts
over time due to the impact of turbulence demonstrating its
importance even at late times.
3.1.2 Magnetic field structure
Next, we consider the direction with which the magnetic
field pierces through the surface of the spheres with radii
of 50, 250, 500, and 1000 AU around the protostellar disc
in run M2-NoRot. We are only interested in whether the
magnetic field points inwards or outwards, but not in the
exact angle under which it pierces through the surface. In
order to describe our approach for characterising the mag-
netic field structure in the vicinity of the discs, we first show
a sketch of a magnetic field with two field reversals inside
a given sphere (see Fig. 4). The two field reversal result in
two regions – one in the upper and one in the lower half of
the sphere’s surface – where the direction of the magnetic
field piercing through the surface is flipped (enclosed by blue
lines). We generate Hammer projections of the direction of
the magnetic field in order to quantify field reversals at dif-
ferent radii. Analysing the projections we now determine the
number of distinct regions in which the field pierces through
the surface with the same direction. For the example shown
in Fig. 4 this would be two regions for each direction. For
any imaginable field configuration there have to be at least
two distinct regions (one where the field goes in the other
were it goes out). Hence, the minimum number of field re-
versals inside the sphere (two in the example in Fig. 4) is
simply the total number of distinct regions found (four in
c© 2013 RAS, MNRAS 000, 1–14
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Table 2. Results of the mass and angular momentum accretion flow analysis for run M2-NoRot for spheres with different radii. Listed
are the time-averaged number of mass accretion channels and the ratio of the integrated area of the channels to the area of the entire
accretion region (column two and three). Column four and five show the corresponding results for the analysis of the angular momentum
accretion flow. The second-last column shows the overlap between mass and angular momentum accretion channels. The last column
lists the mean number of magnetic field reversals.
Radius # channels Achannels/Aaccr # channels (L) Achannels/Aaccr(L) Overlap # field reversals
50 7.4 0.13 5.5 0.11 0.77 2.94
250 5.2 0.10 4.2 0.086 0.61 0.71
500 4.6 0.11 4.8 0.091 0.56 0.63
1000 4.1 0.15 5.2 0.12 0.50 1.08
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Figure 3. Time evolution of the number of mass (left) and angular momentum (right) accretion channels for run M2-NoRot. In order
to improve the readability of the plots, the numbers where smoothed over several timesteps.
the example) minus two. We strongly emphasise that the
real number of field reversals can actually be higher inside
the sphere, which is why the number of field reversals in-
ferred from the Hammer projections is only a lower limit
and thus also a lower limit for the degree of disorder of the
magnetic field.
We first show the Hammer projections for the magnetic
field direction of the spheres of with radii of 50, 250, 500,
and 1000 AU around the protostellar disc at the end of run
M2-NoRot (right column in Fig. 2). We note that for a well-
ordered, split monopole-like field configuration the Hammer
projection would show two equally sized regions separated
by the equator. On scales of 50 AU (top right panel) it can
be seen that the magnetic field structure is more or less
completely disordered. There are in total 6 distinct regions
(5 for ingoing and 1 for outgoing magnetic fields), which
means that there are at least 4 field reversals inside the
sphere7.
One can easily imagine that for this case the four field
reversals are clearly a lower limit, since even the individ-
ual regions have a highly complex shape which points to an
even more complex and disordered field inside the sphere.
Considering the sphere with a radius of 250 AU (second row
in Fig. 2), the field appears to be somewhat better ordered
since now only one field reversal is visible. Nevertheless, the
structure of the largest regions is still quite complex, hence
7 We remind the reader of the periodicity of the Hammer projec-
tion with respect to the left and right boundary of the ellipsoid.
even here the field is far from being well-ordered. On even
larger scales (500 AU and 1000 AU), however, the field be-
comes relatively ordered. We emphasise, however, that for
other points in time not shown here field reversals do show
up. However, the overall structure of the two regions for the
large scales corresponds to that of a field which is more or
less perpendicular the disc axis, i.e. it pierces through the
sphere from “left” to “right” and not along the polar di-
rection. This agrees with the sheet structure perpendicular
to the field direction appearing as a ring like feature in the
leftmost panels.
Next, we consider the time-averaged number of field
reversals for the spheres with different radii around the pro-
tostellar disc (see last column of Table 2). The results show
that on scales of 50 AU there are on average several field re-
versals. Also on larger scales there is on average about one
field reversal. Although this might seem low on first sight,
we again emphasise that this analysis only gives a lower limit
for the degree of complexity of the magnetic field. As noted
before, a disordered field structure can reveal field rever-
sals inside the considered sphere, which do not necessarily
show up at the surface of the sphere. Furthermore, a single
complex shaped region (see e.g. the black region in the top
right panel of Fig. 2) would point to a strongly tangled field
structure despite giving only one field reversal in the method
applied here. Hence, we conclude that despite the fact that
at larger radii of up to 1000 AU only about 1 field reversal
shows up in our analysis, even on these scales the magnetic
field structure can be quite disordered.
In this context we emphasise that a relatively well-
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ordered, large-scale magnetic field inferred from low-
resolution observations can be much more complex on
small scales. This is also supported by recent observations
(Crutcher et al. 2009, 2010; Girart et al. 2013) and numer-
ical simulations (Lunttila et al. 2008; Bertram et al. 2012),
which indicate that the magnetic field structure in molecu-
lar cloud cores is highly complex, possibly exhibiting several
field reversals (see also Section 5 for a more detailed discus-
sion).
3.2 High-mass core simulation
We now repeat the analysis done before for the high-mass,
non-rotating core (run M100-NoRot). We first characterise
the accretion flow around the protostar formed first in the
simulation, which is also the most massive protostar having
the largest associated protostellar disc. We first show the
mass and angular momentum accretion flow through the
surface of a sphere with a radius of 250 AU at the end of
the simulation in Fig. 5, the other radii of 50, 500, and 1000
AU are discussed quantitatively further below. Despite the
fact that accretion occurs through a large fraction of the
surface of the sphere, it is again dominated by a few narrow
channels randomly distributed over the surface.
In Table 3 we list the time-averaged number and size
of the accretion channels calculated as described in the Sec-
tion 3.1.1. On average accretion of mass occurs along 6 – 7
different channels. Although 50% of the accretion is along
these channels, they only account for about 10% of the total
area of accretion. Hence, these channels are indeed very lo-
calised and strongly pronounced (compare Fig. 5). Just like
for run M2-NoRot, accretion from the disc scale up to scales
of 1000 AU appears to be highly anisotropic. Interestingly,
there is no trend recognisable with varying radius, which
indicates that the accretion flow is anisotropic on all scales
considered. In this context we point out that since the disc
extends over more than 50 AU in radius, the analysis for
50 AU refers to the accretion structure inside the disc. We
interpret the appearance of anisotropic accretion even inside
the disc as a consequence of the anisotropic accretion outside
the disc as well as of the development of spiral arms which
both result in more complex flow patterns. We also note
that despite the much stronger initial turbulence the results
shown in Table 3 do not differ significantly from that of run
M2-NoRot (compare Table 2). Analysing the flow of angular
momentum reveals a similar picture without any clear trend
with varying radius. Accretion of angular momentum seems
to be even more constrained occurring through about 4 very
narrow accretion channels (Achannels/Aaccr < 0.1). Further-
more, as for run M2-NoRot the overlap between mass and
angular momentum accretion channels is about 70% thus in
a reasonable range. Finally, we note that the time evolution
of the number of mass and angular momentum accretion
channels (not shown here) reveals a similar behaviour as
that of run M2-NoRot displayed in Fig. 3.
Next, we analyse the magnetic field structure in the
vicinity of the protostellar disc. As before we determine
the number of field reversals at distances of 50, 250, 500,
and 1000 AU by considering the direction with which the
field pierces through the surface of the spheres. In the right
panel of Fig. 5 we show the Hammer projection of the field
direction at the surface of the sphere with radius of 250
AU around the most massive protostellar disc of run M100-
NoRot. As can be seen, the magnetic field at that scale ap-
pears to be quite disordered exhibiting 4 field reversals.
Considering the averaged numbers of magnetic field re-
versals, we find that they are slightly increased compared
to the numbers of run M2-NoRot (compare last column of
Table 3 with that of Table 2). This is a direct consequence of
the stronger turbulent motions present in run M100-NoRot
(Mrms = 2.5 compared to 0.7 for run M2-NoRot). The dis-
ordered field structure remains recognisable up to scales of
1000 AU, where on average still more than one field rever-
sal is present. Again, we emphasise that the number of field
reversals listed in Table 3 is only a lower limit.
When considering the magnetic field direction at the
position of the mass accretion channels for both the high-
and low-mass run (see Fig. 2 and 5), it can be seen that the
channels seem to be associated with a flip in the field direc-
tion. This is consistent with a picture of the magnetic field
getting dragged inwards at the channel positions creating
a ’cometary-like’ field structure with the field lines bend-
ing backwards at the edges of the channels. We checked the
importance of the magnetic field in accretion channels by
comparing the magnetic field pressure B/8pi with the ram
pressure ρv2radial of the gas. We found that in general the
ram pressure dominates over the magnetic pressure (as well
as over the thermal pressure). Hence, it appears that the
dynamics of the gas in these regions are dominated by the
gravitationally driven collapse and not by the magnetic field.
However, it is well possible that during the initial phase,
when the accretion channels are shaped, the magnetic field
might play a more important role. We note that a similar
field configuration in regions of high mass accretion was also
found by Li et al. (2014a).
In summary, the low- and high-mass run show a highly
anisotropic accretion flow structure on all scales as well as a
highly complex, disordered magnetic field structure on small
scales and – in particular for the high-mass run M100-NoRot
– also on scales up to 1000 AU. The structure of the gas
accretion flow and the magnetic field is therefore signifi-
cantly different from the usually adopted structure of a split
monopole (or homogeneous magnetic field) and a coherently
rotating environment frequently used to assess the magnetic
braking efficiency (see also the discussion in Section 5).
4 DEPENDENCE ON THE INITIAL
CONDITIONS
In the following we extend our analysis to simulations with
a wider range of initial conditions using the same methods
as before.
4.1 Dependence on turbulence strength
Since we argue in Seifried et al. (2012, 2013) that the tur-
bulent motions are responsible for the formation Keplerian
discs, it is a crucial task to check what minimum strength
the turbulent motion must have in order to allow Keplerian
discs to form. For the low-mass run M2-NoRot we have seen
that already moderate subsonic turbulent motions are suffi-
cient to enable disc formation. For the case of a high-mass
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Figure 5. Mass accretion flow (left), angular momentum accretion flow (middle), and magnetic field direction through a sphere with a
radius of 250 AU around the protostellar disc in run M100-NoRot after 25 kyr. Left and middle panel: The red line separates inflowing
from outflowing material. Red regions represent mass and angular momentum flowing away from the disc.
Table 3. Same as in Table 2 but for run M100-NoRot.
Radius # channels Achannels/Aaccr # channels (L) Achannels/Aaccr(L) Overlap # field reversals
50 6.2 0.103 4.4 0.090 0.74 3.43
250 6.6 0.073 4.4 0.061 0.69 1.31
500 7.0 0.075 4.2 0.060 0.71 1.16
1000 7.1 0.086 4.3 0.072 0.69 1.18
molecular cloud core (run M100-NoRot) we have used a su-
personic turbulence field with Mrms = 2.5. Such supersonic
turbulence is typical for high-mass cores (e.g. Caselli & My-
ers 1995; Andre´ et al. 2007, see also the review of Ward-
Thompson et al. 2007 and references therein). However,
there might be massive cores with significantly weaker tur-
bulent motions. In this case it is not clear a priori whether
the formation of Keplerian discs would be possible since in
massive, highly gravitationally unstable cores the dynamics
are substantially different compared to low-mass cores. In
particular the collapse and formation of the first protostar
occurs on a much shorter timescale of about 20 kyr (run
M100-NoRot) compared to ∼ 200 kyr in the low-mass core
(run 2-NoRot).
For this reason we have performed three further sim-
ulations of 100 M cores, M100-NoRot-Mrms0.5, M100-
NoRot-Mrms1, and M100-NoRot-Mrms2.5, with turbulence
strengths ranging from subsonic to supersonic values (Mrms
= 0.5, 1, and 2.5). We emphasise that run M100-NoRot-
Mrms2.5 with Mrms = 2.5 differs from run M100-NoRot
since a different initial random seed for the turbulence field
was used. Also for the other two runs discussed in this sec-
tion different random seeds for the initial turbulence field
are used. We follow the simulations over about 10 kyr after
the formation of the first sink particle, which we suppose is
sufficient since for corresponding runs discussed in Seifried
et al. (2012, 2013) Keplerian discs were already present after
about 5 kyr.
We first consider the state of the discs at the end of
each simulation in Fig. 6. As can be seen, in all three runs
a rotating structure has developed. By comparing the ro-
tation velocity with the Keplerian velocity we found that
the discs are indeed rotationally supported. Interestingly,
the disc sizes decrease with decreasing amount of turbulent
energy available in the core. The diameter of the discs are
∼ 65 AU in run M100-NoRot-Mrms0.5, ∼ 80 AU in run
M100-NoRot-Mrms1, and about 120 AU in M100-NoRot-
Mrms2.5. This indicates that there might by some general
correlation between disc size and turbulence strength. For a
thorough analysis of such a correlation, however, many more
simulations would be required to exclude statistical effects,
which by now is not feasible due to the high computational
resources required. In summary, however, our simulation re-
sults clearly show that even for a relatively weak turbulence
field a protostellar disc can build up.
Analysing the accretion flow and the magnetic field
structure in the surroundings of the three discs reveals sim-
ilar results as for run M100-NoRot (see Table 4). The ac-
cretion of mass and angular momentum is again highly
anisotropic occurring along a few narrow accretion channels.
Again, we point out that in particular for run M100-Rot-
Mrms2.5 and partly for run M100-Rot-Mrms1 the analysis
at 50 AU might refer to locations already inside the disc. As
mentioned before, the similar number of accretion channels
found at the radii of 50 AU and 250 AU might reflect the
imprint of the anisotropic accretion flow at larger scales im-
pacting on the discs. Interestingly, concerning the number
and size of the accretion channels there is no clear trend
recognisable for varying turbulence strengths. Similar also
holds for the number of field reversals which varies between
one and two for the different runs and distances considered.
To summarise, even in massive molecular cloud cores with
only a weak, subsonic turbulence field rotationally supported
discs can build up surrounded by an anisotropic accretion
flow and a complex-shaped magnetic field.
4.2 Accretion flow and magnetic field structure in
the presence of global rotation
It might be argued that the highly anisotropic accretion
mode and the disordered magnetic field structure seen so
far are simply a consequence of the lack of any global rota-
tion in the simulated molecular cloud cores. For this reason
we analyse two more runs M2-Rot and M100-Rot, which
have identical initial conditions as run M2-NoRot and run
M100-NoRot except an initial, moderate, global solid-body
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Figure 6. Column density and velocity vectors of the protostellar discs formed in the runs M100-NoRot-Mrms0.5, M100-NoRot-Mrms1,
and M100-NoRot-Mrms2.5 (from left to right) seen from the top. The figures are 200 AU in size.
Table 4. Same as in Table 2 but for the runs M100-NoRot-Mrms0.5, M100-NoRot-Mrms1, and M100-NoRot-Mrms2.5.
Run Radius # channels Achannels/Aaccr # channels (L) Achannels/Aaccr(L) Overlap # field reversals
M100-Rot-Mrms0.5 50 6.18 0.10 4.0 0.087 0.64 1.40
250 5.5 0.066 3.8 0.056 0.58 0.64
500 5.8 0.074 4.2 0.067 0.54 1.00
1000 5.2 0.087 4.8 0.093 0.52 2.33
M100-Rot-Mrms1 50 5.1 0.069 2.7 0.050 0.74 1.5
250 5.8 0.057 2.7 0.039 0.72 0.71
500 6.3 0.070 3.0 0.059 0.66 1.58
1000 5.0 0.085 3.2 0.10 0.59 1.66
M100-Rot-Mrms2.5 50 5.2 0.095 3.3 0.084 0.74 2.04
250 4.9 0.070 2.3 0.054 0.76 0.71
500 4.7 0.062 2.3 0.048 0.70 1.07
1000 4.5 0.057 2.6 0.052 0.63 1.32
rotation of the entire cloud core superimposed on the tur-
bulence field. The results of these runs were also discussed
in Seifried et al. (2013). Just as for the other runs discussed
before, a few 1000 yr after the formation of the first sink
particle Keplerian discs are formed around them. In Table 5
we list the results of the accretion flow analysis for both
runs M2-Rot and M100-Rot. As can be seen, even in the
presence of global rotation the accretion of both mass and
angular momentum reveals a highly anisotropic behaviour
with accretion along a few, narrow channels. No clear trend
for neither of the both runs is recognisable when varying the
radius of the sphere. It appears that also in the presence of a
global rotation the anisotropic accretion mode persists up to
scales of 1000 AU. Interestingly, the magnetic field structure
seems to be more disordered for the low-mass, weak turbu-
lence run M2-Rot than for run M100-Rot. This, however,
could change for different turbulence seed fields not tested
here. As pointed out already, the number of field reversal, in
particular the low value for 500 AU in run M100-Rot, might
be an underestimate of the true degree of complexity of the
magnetic field.
To summarise, even in the presence of an initial global
rotation the accretion flow during the evolution of protostel-
lar discs is far from being well-ordered and isotropic. Accre-
tion of mass and angular momentum occurs along narrow
channels. The magnetic field is strongly disordered with a
few field reversals for both the low-mass and high-mass case.
5 DISCUSSION
5.1 Mach number dependence
As discussed in the introduction, in simulations of non-
turbulent, collapsing cloud cores with magnetic field
strengths comparable to observed strengths no rotationally
supported protostellar discs were formed. This “magnetic
braking problem“, however, vanishes in the presence of tur-
bulent motions (Santos-Lima et al. 2012, 2013; Seifried et al.
2012, 2013).
A particularly interesting result of our present study is
the fact that even a relatively low (subsonic) level of turbu-
lence in massive prestellar cores can allow for the formation
of Keplerian discs. As pointed out already before, in massive,
highly gravitationally unstable cores the collapse proceeds
much more rapidly. Hence, due to the higher infall velocities
in such cores, turbulent motions of a fixed absolute strength
(e.g. Mrms = 0.5) are less important compared to low-mass
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Accretion and magnetic fields around protostellar discs 11
Table 5. Same as in Table 2 but for runs M2-Rot and M100-Rot.
Run Radius # channels Achannels/Aaccr # channels (L) Achannels/Aaccr(L) Overlap # field reversals
M2-Rot 50 5.0 0.13 4.6 0.11 0.72 3.71
250 4.4 0.14 5.2 0.13 0.63 2.55
500 4.3 0.16 5.7 0.15 0.63 1.73
1000 4.9 0.22 6.7 0.18 0.65 2.74
M100-Rot 50 6.3 0.11 4.6 0.092 0.75 2.72
250 6.8 0.067 4.2 0.054 0.73 0.77
500 6.6 0.063 4.0 0.053 0.73 0.35
1000 5.9 0.072 4.1 0.068 0.67 0.97
cores. This in turn means that no conclusions about disc for-
mation in high-mass cores can be inferred from simulations
of subsonic turbulence, low-mass cores. However, given the
fact that massive cores are usually observed to have at least
transonic velocity dispersions (e.g. Caselli & Myers 1995;
Andre´ et al. 2007; Ward-Thompson et al. 2007), our results
strongly suggest that rotationally supported discs should be
present in the Class 0 stage for most of the massive protostel-
lar cores observed. This also holds for low-mass cores which
usually have somewhat weaker subsonic turbulent motions.
As shown earlier (Santos-Lima et al. 2012, 2013; Joos et al.
2013; Seifried et al. 2013; Li et al. 2014b), and demonstrated
in this work Keplerian discs are likely to form also in this
case. Finally, we note that in our simulations we start with a
initially smooth density distribution. Observed cores, how-
ever, always show some degree of clumpiness in their density
distribution, which is why even for strongly subsonic turbu-
lence we expect the development of non-spherical accretion
flows. Taking these results together, we argue that already
during the Class 0 stage rotationally supported discs are
very likely to be formed for a wide range of protostellar
masses.
5.2 Magnetic flux loss
It was argued by Santos-Lima et al. (2012, 2013) that the
main reason for the formation of Keplerian discs in the pres-
ence of turbulence and strong magnetic fields is the recon-
nection of magnetic field lines aided by turbulence and the
corresponding loss of magnetic flux. Despite the fact that we
observe an increase of the mass-to-flux ratio µ in the vicin-
ity of our discs (see Fig. 7 in Seifried et al. 2013), which at
least partly can be attributed to an actual loss of magnetic
flux (see also Li et al. 2014b), the importance of this effect
for the formation of discs in the first place is not clear: To
assess the efficiency of magnetic braking in the surroundings
of the discs in such turbulence simulations, the mass-to-flux
ratio in the region considered was frequently used. In a next
step, non-turbulent collapse simulations with similar mass-
to-flux ratios performed in the past (e.g. Allen et al. 2003;
Matsumoto & Tomisaka 2004; Machida et al. 2005; Baner-
jee & Pudritz 2006, 2007; Price & Bate 2007; Hennebelle &
Fromang 2008; Hennebelle & Ciardi 2009; Duffin & Pudritz
2009; Commerc¸on et al. 2010; Seifried et al. 2011) were con-
sidered. Based on the simulation outcomes, the efficiency of
magnetic braking, one would expect, was extrapolated for
the turbulence run. However, the non-turbulent simulations
used to assess the magnetic braking efficiency reveal a well-
ordered, large-scale magnetic field and a globally rotating
core. As we could show, there is no such thing as global ro-
tation or isotropic accretion8 nor a well-ordered magnetic
field in the vicinity of protostellar discs as soon as sub- or
supersonic turbulence is taken into account. Hence, such a
comparison as described before should be considered with
great caution.
Moreover, we point out that two effects contribute to
the increase in µ: On the one hand, there is magnetic diffu-
sion, which might be enhanced due to the presence of tur-
bulent motions, lowering the magnetic flux and increasing
µ in the disc environment. On the other hand, accretion of
mass unavoidably occurs partly along the field lines, which
also contributes to the observed increase in µ. This latter
effect is not taken into account whenever calculating µ in a
fixed volume possibly causing the importance of magnetic
diffusion to be overestimated. We note, however, that from
the numerical side it is hard to actually measure the amount
of accretion along and perpendicular to the magnetic field
lines and thus to estimate the relative importance of mag-
netic diffusion and accretion along field lines for the observed
increase in µ. Nevertheless, in order to do so, we calculated
the accretion of mass along and perpendicular to the mag-
netic field in a sphere with a radius of 500 AU around the
discs in the runs M2-NoRot and M100-NoRot. We find that
of the order of 50% of the observed increase in µ can actually
be explained by accretion along field lines, i.e. without the
need to consider the loss of flux due to magnetic diffusion.
We note that the importance of mass accretion along field
lines was recently also shown by Li et al. (2014b).
Furthermore, our results show a significant impact of
turbulence on scales up to 1000 AU – much larger than the
grid scale where magnetic diffusivity is expected to act. Fi-
nally, as pointed out already in Seifried et al. (2011, see their
figures 10 and 11), in non-turbulent simulations a large frac-
tion of angular momentum is removed already before the gas
reaches the disc. Hence, a way to reduce the magnetic brak-
ing efficiency already before the gas falls onto the disc is
required, which – as shown here and confirmed recently by
Li et al. (2014b) – can be simply achieved by the presence
of turbulent motions.
8 We note that strictly spoken in case of a non-turbulent, but
magnetized collapse accretion is not isotropic either. However, in
that case no variation with the azimuthal angle should be present.
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5.3 Comparison to observations
Our findings also have implications for observationally based
estimates of the likelihood that a rotationally supported disc
can be formed: The low mass-to-flux ratio found in recent
observations (e.g. Falgarone et al. 2008; Girart et al. 2009;
Beuther et al. 2010) does not allow for the statement that
Keplerian discs are unlikely to form since, as pointed out be-
fore, a disordered magnetic field structure with field rever-
sals can significantly reduce the magnetic braking efficiency.
Indeed, there are observations indicating that field reversals
are present in molecular cloud cores: Crutcher et al. (2009,
2010) could show that in the outer parts of molecular cloud
cores the line-of-sight component of magnetic fields partly
has an opposite direction as that in the core centre. More-
over, the authors find that the mass-to-flux ratio in a good
fraction of the observed cores seems to increase with in-
creasing radius. This nicely fits with numerical simulations
of Lunttila et al. (2008) and Bertram et al. (2012), who
have demonstrated that such a behaviour can be obtained
through magnetic field reversals. Hence, these results indi-
cate that the rather well-ordered magnetic field structure
frequently observed in molecular cloud cores could be the
result of an insufficient spatial resolution and that higher
resolution observations are needed to unveil the true field
structure. Indeed, observations of DR21 by Girart et al.
(2013) demonstrate how the telescope resolution affects the
appearance of polarisation maps revealing an ever more com-
plex and disordered field structure with increasing resolu-
tion. Taken together, these results – although considering
somewhat larger scales – nicely complement ours, indicat-
ing the importance of turbulence for the structure of the
magnetic field and thus the formation of protostellar discs.
5.4 Misaligned magnetic fields
Recently, it was shown that a magnetic field inclined with
respect to the rotation of the core can result in the forma-
tion of rotationally supported discs (Hennebelle & Ciardi
2009; Ciardi & Hennebelle 2010; Joos et al. 2012). Based on
these simulations and observational results, Krumholz et al.
(2013) showed, however, that this would result in a fraction
of Keplerian discs in the Class 0 stage of about 10% (at the
very most 50%). Given the fact that all our simulations show
Keplerian discs around Class 0 type protostars, we conclude
that once turbulence is taken into account this fraction is
pushed towards significantly higher values well above 50%
– possibly9 even close to unity. We emphasise that this is
in good agreement with disc fractions around Class I/II ob-
jects (e.g. Haisch et al. 2001; Jørgensen et al. 2009, but see
also Williams & Cieza 2011 for a recent review). We note
that Hull et al. (2013, 2014) (but see also Davidson et al.
(2011) and Chapman et al. (2013) for contrary results) have
recently shown that magnetic fields around protostars are
partly strongly misaligned with the outflow/disc-axis. How-
ever, as already shown in Seifried et al. (2012, 2013) (figure
3 and 7, respectively), the mean direction of a strongly tan-
gled magnetic field with field reversals occurring up to scales
of 1000 AU can be strongly inclined to the disc axis, thus
9 being aware of the low number statistics
in basic agreement with the results of the aforementioned
authors. Hence, we argue that the magnetic field inclina-
tion found by Hull et al. (2013, 2014) might simply be an
effect of a spatially unresolved, highly disordered magnetic
field which supports our picture drawn in this work. This
could also explain the apparent contradiction to the results
of Davidson et al. (2011) and Chapman et al. (2013), which
give evidence for a preferentially aligned magnetic field. Syn-
thetic polarisation maps of our simulations could shed light
on how the telescope resolution affects the observed field
structure – a task we plan to tackle with a newly developed
polarisation code (Reissl et al. 2014). To summarise, we ar-
gue that in a turbulent environment the direction of 〈B〉
with respect to the disc/outflow-axis could be misleading
when trying to estimate the braking efficiency.
5.5 Open questions and uncertainties
The anisotropic accretion of mass and angular momentum
raises the question how in such a flow a rotating struc-
ture can be build up and in particular maintained. This can
be understood by considering the position of the accretion
channels. Since the discs reside in large-scale filamentary
structures, which do not reveal significant positional changes
during the time considered, also the orientation of the accre-
tion channels relative to the disc do not exhibit excessively
pronounced changes over time. Hence, despite being highly
anisotropic, the time variability of the accretion flow is rel-
atively moderate and results in a rather orderly build-up of
the protostellar discs. In this context it would be interesting
to see how a possible (pseudo-) disc warping might affect
the transport/removal of angular momentum as suggested
by Li et al. (2014b).
Recently, Machida et al. (2014) have shown that Ohmic
dissipation can lead to the formation of Keplerian discs for
non-turbulent simulations which appears to be in contradic-
tion with previous results (e.g. Krasnopolsky et al. 2010; Li
et al. 2011; Dapp et al. 2012). In the context of this work,
we would like to point out that Machida et al. (2014) find an
extremely high resolution (< 1 AU) to be required to form a
Keplerian disc. This demonstrates that the crucial effect re-
sponsible for disc formation in their simulations acts on rel-
atively small scales. However, as we have pointed out before,
our results show that other mechanisms are acting already
on larger scales and allow for the formation of extended Ke-
plerian discs. Most likely both processes are present at the
same time but influence different spatial scales.
We again point out that our method to determine the
number of field reversals can give us only a lower limit. In
contrast to that the naive approach of calculating the mean
of the magnetic field in a certain region and comparing it
to the root-mean-square (as a measure of the fluctuations)
is not sufficient. This can be understood by considering a
purely toroidal field – as it would be present in a disc – which
has a mean of zero but a non-vanishing rms value. This
would result in a wrong assessment of the strength of the
fluctuations and thus the degree of disorder. We therefore
prefer to use the approach of measuring the number of field
reversals despite the limitation that it can give only lower
limits.
We note that the anisotropic accretion is also accom-
panied by an unsteady, episodic accretion onto the disc and
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subsequently onto the protostar itself. This could result in
varying protostellar luminosities, which in turn was shown
to have an effect on the properties and stability of proto-
stellar discs (Stamatellos et al. 2012). A detailed analysis
of episodic accretion and varying luminosities, however, is
deferred to a subsequent paper.
Finally we emphasise that our work nicely complements
the recent work of Li et al. (2014b) who demonstrate the
importance of turbulence for effects like pseudodisc warping
and magnetic reconnection. We argue that the impact of
turbulence on scales of 1000 AU (and possibly even larger)
as shown in our work, would promote the mechanisms for
disc formation suggested by Li et al. (2014b) in an even
stronger way than probed by their highly idealised simula-
tions. Hence, combining the work on disc formation found in
literature, a more global picture seems to emerge: On larger
scales turbulence seems to set the stage required for disc for-
mation, i.e. providing a highly anisotropic accretion mode
and a disordered magnetic field structure. These conditions,
in turn, seem to be the prerequisites for the turbulence-
enhanced loss of magnetic flux on smaller scales, e.g. by
magnetic reconnection. In summary it appears that a com-
bination of different effects – on the disc scale as well as
on significantly larger scales – seems to contribute to the
formation of rotationally supported protostellar discs.
6 CONCLUSIONS
We have performed simulations of turbulent, collapsing
molecular cloud cores covering a wide range of initial condi-
tions concerning core masses, turbulence strengths and the
presence/absence of global rotation. We find that for all of
our simulations rotationally supported discs build up within
a few kyrs after the first protostar has formed. In particular,
we showed that even for mild, i.e. subsonic turbulent motions
the magnetic braking efficiency is reduced enough to allow
Keplerian discs to form. Given this fact we suggest that the
fraction of Keplerian discs around Class 0 stage protostars
is significantly higher than 50% – likely even close to unity.
This value is higher than the uppermost limit from simula-
tions with magnetic fields misaligned with the core’s angular
momentum vector (Krumholz et al. 2013). Furthermore, our
result is consistent with to the observed disc fraction around
Class I/II objects (e.g. Williams & Cieza 2011). It therefore
demonstrates the importance of turbulent motions for the
formation of Keplerian discs at very early stages.
We showed that under more realistic conditions, i.e. as
soon as even mild (Mrms > 0.5) turbulent motions are in-
cluded in simulations, the classical disc formation scenario of
a coherently rotating environment and a well-ordered mag-
netic field breaks down: Analysing the surroundings of the
protostellar discs in our simulations, we find that the ac-
cretion of mass and angular momentum occurs in a highly
anisotropic manner out to distances of 1000 AU from the
discs. It is dominated by a few narrow accretion channels
which carry a significant part of the inflowing mass and
angular momentum but cover only about 10% of the sur-
face area. We find that the number and size of the accre-
tion channels show only slight systematic trends over time.
Inside these accretion channels, in which the ram pressure
dominates over thermal and magnetic pressure, the magnetic
field is dragged inwards towards the disc. This anisotropic
accretion mode is found in all of our simulations, i.e. inde-
pendent of the core mass, the turbulence strength, and the
presence/absence of global rotation. Also within the discs ac-
cretion reveals an anisotropic behaviour which could be due
to the larger-scale anisotropy as well as gravitational insta-
bilities like spiral arms developing over time. Furthermore,
we find that the magnetic field structure in the vicinity of
the protostellar discs is highly disordered revealing field re-
versals on all scales considered. This demonstrates that the
recently observed inclination of magnetic fields with respect
to the disc axis (Chapman et al. 2013; Hull et al. 2013, 2014)
could simply be the consequence of a spatially unresolved,
highly disordered field structure.
To summarise, our simulations present a richer picture
of the process of disc formation, wherein turbulence, filamen-
tary accretion streams, and magnetic field reversals guaran-
tee that the otherwise overwhelming strength of magnetic
braking by ordered fields is significantly degraded, allowing
Keplerian discs to form. Non-turbulent collapse simulations,
on the other hand, might significantly overestimate the effi-
ciency of magnetic braking and thus underestimate the frac-
tion of Class 0 stage Keplerian discs. We suggest that the
anisotropic accretion and disordered magnetic field structure
found in the environment of protostellar discs might set the
stage for other mechanisms contributing to the formation of
discs like (pseudo-) disc warping or non-ideal MHD effects
(e.g. Li et al. 2014b; Machida et al. 2014). Finally, in order
to improve our understanding of the process of protostel-
lar disc formation, we suggest that further high-resolution
observations unveiling the magnetic field structure and the
dynamics in the direct vicinity of protostellar discs, e.g. by
ALMA, are required. In this context, using the method pre-
sented in Reissl et al. (2014), we plan to produce synthetic
polarisation maps of the simulations presented here, which
would provide a valuable tool to interpret such observations.
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